Guideline-directed therapy for sepsis calls for early fluid resuscitation. Often patients receive large volumes of intravenous fluids. Bioimpedance vector analysis (BIVA) is a noninvasive technique useful for measuring total body water. In this prospective observational study, we enrolled 18 patients admitted to the intensive care unit for the treatment of sepsis syndromes. Laboratory data, clinical parameters, and BIVA were recorded daily. All but one patient experienced volume overload during the course of treatment. Two patients had >20 L of excess volume. Volume overload is clinically represented by tissue edema. Edema is not a benign condition, as it impairs tissue oxygenation, obstructs capillary blood flow, disrupts metabolite clearance, and alters cell-to-cell interactions. Specifically, volume overload has been shown to impair pulmonary, cardiac, and renal function. A positive fluid balance is a predictor of hospital mortality. As septic patients recover, volume excess should be aggressively treated with the use of targeted diuretics and renal replacement therapies if necessary.
T he mainstay of treatment for sepsis is the early initiation of both antibiotic therapy and fl uid resuscitation (1) . Recommendations based on the early goal-directed therapy algorithm call for continued administration of intravenous fl uid until the central venous pressure is at least 8 mm Hg (2) with the goal of maintaining perfusion of vital organs. Th e underlying pathophysiologic mechanism responsible for hypotension and hypoperfusion is a combination of vasodilatation (leading to peripheral blood pooling) and increased vascular permeability, which allows fl uid transfer from the vascular space to the interstitial fl uid compartment. Th e latter can result in large intravascular fl uid defi cits. Bioimpedance vector analysis (BIVA) is a noninvasive technique that utilizes the principle that the body acts as an electrical circuit with a measureable resistance and reactance. BIVA can be used to accurately quantify total body water and is comparable to the gold standard of deuterium dilution (r > 0.99) (3) . BIVA has been used to identify volume overload in heart failure (4), liver disease (5), and renal failure (6) . We examined the incidence and degree of volume overload in patients admitted to the intensive care unit (ICU) for sepsis syndromes.
METHODS
In this prospective observational study, BIVA was used to measure total body water in patients admitted to the ICU for the treatment of sepsis syndromes. Bioimpedance was measured using an EFG Diagnostics CardioEFG machine. Th is device was approved by TriMedx clinical engineering. Th e fi rst measurement had to be obtained within 24 hours of ICU admission. Serial measurements of total body water were taken until ICU discharge or day 8, whichever occurred fi rst.
We enrolled patients >18 years old who were admitted to the ICU with the diagnosis of sepsis, severe sepsis, or septic shock. Patients were classifi ed as having sepsis, severe sepsis, or septic shock based on the defi nitions set forth by the American College of Chest Physicians/Society of Critical Care Medicine (7). We excluded patients with end-stage liver or kidney disease (requiring dialysis). Data on demographic and clinical characteristics were collected prospectively. Excess total body water (in L) was calculated by subtracting 74.3 (the upper limit of normal) from the measured percent total body volume and multiplying the diff erence by patient weight in kg. Written informed consent was obtained from all participants prior to enrollment. Th e study protocol was approved by the St. John Providence Institutional Review Board.
RESULTS
A total of 18 patients were enrolled; 11 (61%) were men and 7 (39%) were women, and the mean age was 71 years (range, 43-93). Diabetes mellitus was present in 10 (56%) patients; hypertension, 14 (78%); heart failure, 4 (22%); liver disease, 1 (6%);
Frequency of fluid overload and usefulness of bioimpedance in patients requiring intensive care for sepsis syndromes Timothy R. Larsen, DO, Gurbir Singh, MD, Victor Velocci, MD, Mohamed Nasser, MD, and Peter A. McCullough, MD, MPH current tobacco use, 8 (44%); and former tobacco use, 3 (17%). Th e mean length of ICU stay was 3.9 days (SD 1.68). At the time of admission, 8 (44%) met diagnostic criteria for septic shock, 7 for severe sepsis (39%), and 3 for sepsis (17%) ( Table 1) .
Mean total body water percentage was 84.5% on day 1, 87.6% on day 2, 87.0% on day 3, 94.9% on day 4, and 90.1% on day 5 (Figure 1 ). Mean excess total body water by day is shown in Figure 2 . Th e normal total body water percentage is between 72.7% and 74.3% of lean body weight. Values between 74.3% and 81% indicate slight volume excess, and values between 81% and 87% indicate moderate volume excess. Values exceeding 87% indicate severe volume overload. Figure 3 displays peak excess fl uid volume by peak percent water content (r = 0.70, P = 0.001). On day 1, 10 (56%) had clinically evident edema, and by day 3, all patients remaining in the ICU had clinically evident edema. Twelve (67%) developed radiographic evidence of pulmonary edema. Mean ICU stay was 3.8 days (range, 1-6 days). Mean excess volume peaked on day 5 at 13.5 L. Individual patients' peak volume excess ranged from none (1 patient) to 26.2 L (Figure 4 ).
DISCUSSION
Patients with sepsis syndromes require large quantities of intravenous fl uids. Th ere has been much debate over the use of colloid versus crystalloid solutions for resuscitation. Several studies have failed to identify an advantage in using colloids over crystalloids, with emerging evidence demonstrating increased adverse events including mortality with the use of colloids, particularly hydroxyethyl starch (8, 9) . Th erefore, isotonic crystalloids, such as 0.9% normal saline, are often the fi rst-line resuscitation fl uids. Importantly, each liter of normal saline contains 9 g of sodium chloride; therefore, critically ill patients who receive multiple liters of this crystalloid also receive a large salt load. Additionally, this supraphysiological concentration of chloride can induce hyperchloremic metabolic acidosis (10), which in turn causes renal vasoconstriction, decreased glomerular fi ltration rate, and renal dysfunction (11, 12) . Edema is commonly observed in the critically ill ICU population, as these patients frequently develop extensive volume overload (13) . Volume will accumulate in interstitial tissues when the rate of fl uid entering the extracellular space exceeds reuptake into the capillaries, i.e., the plasma refi ll rate. Th e plasma refi ll rate is proportional to the transcapillary pressure gradient and the permeability of the capillary membrane (14) . In patients treated for sepsis, the combination of increased capillary permeability and increased intravascular hydrostatic pressure from fl uid loading both favor the accumulation of extracellular fl uid. Tissue edema is not a benign condition, as it can result in impaired tissue oxygenation, obstruction of capillary blood fl ow, disruption in metabolite clearance, and altered cell-cell interactions (15) .
Excess volume disturbs the function of multiple organ systems. Volume overload adversely aff ects pulmonary function resulting in impaired gas exchange, increased pulmonary restrictive defects, and reduced pulmonary compliance (16, 17) . Once hypovolemia is resolved, further volume loading has been shown to be detrimental to renal function (18) . FACTT (Fluid and Catheter Treatment Trial) identifi ed an increased need for renal replacement therapies in patients randomized to a liberal versus conservative fl uid management strategy (14 vs 10%; P = 0.06) (19) . Additionally, excess volume can promote or exacerbate congestive heart failure. A positive fl uid balance has been shown to be an independent predictor of hospital mortality (20) (21) (22) .
Th e importance of avoiding persistent fl uid overload after the acute resuscitative phase of treatment (after hemostasis is achieved) was emphasized by Cerda et al (23) . Th ey recommended administration of diuretics (short term and only if eff ective) while avoiding nephrotoxins (such as aminoglycosides) with early initiation of continuous renal replacement therapies for patients who do not respond to diuretics. In the SOAP study, early initiation of renal replacement therapy (<2 days after ICU admission) resulted in a lower 60-day mortality (44.8% vs 64.6%; P < 0.01) despite greater severity of illness, which further supports early treatment of volume excess (24) .
All but one of our patients became volume overloaded, with a mean peak excess volume of 12.2 L. Th e degree of volume excess was variable, with several patients reaching a peak volume excess of >20 L. Additionally, many of our patients (13, 72%) were already signifi cantly volume overloaded at the time of fi rst measurement, presumably from resuscitative eff orts prior to or concurrent with ICU admission.
Th e kidney is the primary organ responsible for regulating salt and water homeostasis. As patients recover from critical illness (such as sepsis), the kidneys must excrete the massive load of salt (and concomitant water) received during volume resuscitation. Acute kidney injury (AKI) is very common in critically ill patients. Hoste et al reported a 67.4% incidence of renal injury in intensive care unit admissions (25) . Patients with AKI due to sepsis suff er a higher mortality rate than patients with AKI from other causes, and this relationship is maintained for all degrees of AKI (by RIFLE category) (26) .
In conclusion, volume overload is commonly observed in patients requiring ICU-level care for the treatment of sepsis syndromes. Some patients develop massive volume excess (>20 L). Volume overload manifests clinically as tissue edema and weight gain. Edema impairs multiple physiologic processes (particularly pulmonary, cardiovascular, and renal function). As patients recover, persistent volume overload should be avoided with the use of targeted diuretics and renal replacement therapies if necessary. 
